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Abstract
In this work an analysis of some calibration effects in the overall response of a gas sensor based
on cross-correlation spectroscopy is presented. For this analysis we considered that an
Fabry–Perot interferometer (FPI) with long cavity length (>500 μm) acting as a modulator and
a pyroelectric detector is used. Moreover we assumed that the cavity length of the FPI is
scanned by driving a PZT with a triangular waveform. Here it is shown that the harmonic
composition of the overall sensor response can be affected by small FPI cavity length
differences. These effects are due to the pyroelectric responsivity and the triangular waveform
used to scan the PZT. Moreover it is shown that the effects over the harmonic composition can
be used to calibrate the sensor. Finally simulation results and experimental measurements are
provided.
Keywords: pyroelectric detector, responsivity, harmonic, piezoelectric, cavity length scan,
calibration
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1. Introduction
Optical gas sensors based on correlation spectroscopy
have been under investigation for a considerable period
of time [1–6]. Some of these sensors use a Fabry–
Perot interferometer (FPI) to develop the cross-correlation
principle [3–5]. This is obtained by scanning the cavity length
of the FPI, which can be performed by horizontally displacing
one of the FPI mirrors using a piezoelectric (PZT) (figure 1). In
general, gas sensors based on correlation spectroscopy present
very high selectivity to the target gas, reducing false alarm
problems. Moreover designs using an FPI are becoming
popular since the FPI and the optical detector can be integrated
within an MEMS structure. This reduces the size of the full
system and also increases the stability of the system since
an MEMS-FPI is less affected by external vibrations and
misalignment.
In this work we present a comprehensive analysis of
the overall gas sensor response considering that an FPI and
a pyroelectric detector are used (figure 1). Moreover we
assumed that the FPI cavity length is scanned by using a PZT
which is driven with a triangular waveform. Furthermore
in our optical gas sensor configuration the FPI was placed
just in front of the detector. Hence the FPI is illuminated
with a converging beam (figure 1). This optical configuration
can be suitable for a sensor system where the FPI and the
optical detector are integrated within an MEMS. Based on this
analysis, in this work, it is shown that some combinations of all
these factors can modify the overall harmonic composition of
the sensor response and therefore incorrect gas concentration
measurements can be obtained. However, it will be shown
that these effects over the harmonic composition of the
output signal can be used to calibrate the sensor system.
Finally some experimental results supporting our analysis are
presented.
2. FPI illuminated with a converging beam
The transmission spectrum of an FPI illuminated with a
converging beam is more complex than the spectrum of an FPI
illuminated with a collimated beam. This is due to the fact that,
when a collimated beam is used, all rays passing through the
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Figure 1. Configuration set-up.
Figure 2. (a) FPI illuminated with a converging beam. (b) Multiple
reflections in the FPI mirrors.
FPI have the same angle of incidence while for a converging
beam all rays have different angles of incidence (figure 2(a)).
In both cases each incident ray will form an FPI fringe pattern.
For the collimated beam case all FPI fringe patterns will add
constructively forming an overall well-defined spectral FPI
fringe pattern, since the fringes of each pattern occur exactly
at the same frequency. However, for the converging beam each
FPI fringe pattern is shifted in frequency due to each ray having
a different angle of incidence and therefore these do not always
add constructively. In fact, for some cases the overall FPI
fringe pattern is basically destroyed. The normalized overall
fringe pattern for an FPI illuminated with a converging beam is
given by [7]
IFP(R, n, d + d, ν, θmax) = 11/2 sin2 θmax
×
∫ θmax
0
cos θ sin θ
1 + F sin2[2πn(d + d)ν cos θ ] dθ (1)
where the F factor is given by F = 4R(1 − R2) [8], R is the
FPI mirror reflectivity, n is the refractive index of the medium
between the mirrors, d is the cavity length of the FPI, d
is the instantaneous cavity length scan (0  d  λ/2),
ν is the frequency expressed in wavenumbers and θ is the
angle of incidence (figure 2(a)). Hence the converging beam
produces that the spectral distribution of the FPI fringe pattern
(FPI fringe contrast and width) changes and in some cases the
fringes can be seriously degraded. These effects over the FPI
fringe pattern can be minimized by using a small θmax.
Another important factor that must be considered in this
sensor design is the effect produced by internal reflections
within the FPI mirrors (figure 2(b)). These reflections will
generate other FPI fringe patterns. For clarity we will call these
‘spectral parasitic reflection fringes’ (SPRF). These SPRFs
can introduce undesirable effects in the overall FPI fringe
pattern and in some cases these can completely destroy the
overall FPI [7]. Hence SPRF minimization is compulsory
Figure 3. Measured FTIR background spectrum for an FPI with cavity length d ≈ 0.29 cm and CaF2 FPI mirror substrates of
1 mm thickness.
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Figure 4. Typical pyroelectric detector responsivity as a function of
the modulation frequency.
for this sensor design. SPRF minimization can be carried
out by either applying antireflection coatings to the input
and output interfaces of the FPI mirrors [8, 9], by using
wedged mirrors [8, 10] or by selecting the mirror substrate
thickness [7]. For instance, a measured FPI fringe pattern
obtained by using a 1 mm substrate mirror thickness, coated
one side with a ZnS thin layer, the other side uncoated
(figure 1) and with a cavity length d ≈ 0.29 cm, is shown
in figure 3. Here it is seen that the FPI fringe pattern
was degraded, suffering effects over the fringe contrast and
the free spectral range (FSR). For FPI MEMS integration,
antireflection coatings are, probably, the best choice for SPRF
minimization. However, for a proof of principle experiment
other methods can be suitable for SPRF minimization such
as the use of wedged FPI mirrors [8, 10] or mirror thickness
selection [7]. In this work we will consider that SPRF
are completely minimized by using wedged FPI mirrors.
Moreover we will assume a small θmax to reduce the effects
produced by the converging beam.
3. Mathematical model of the power reaching the
optical detector
For the sensor system shown in figure 1 the overall modulated
power reaching the optical detector can be written as
φ(R, n, d + d, C, θmax) = 2π Adρ
∫ ν2
ν1
L(ν, T )T (ν, C)
× Fil(ν)IFP(R, n, d + d, ν, θmax) dν (2)
where Ad is the element detector area,  is the black-body
emissivity, ρ is the total transmission through the system
after losses due to lens and windows reflections, T (ν, C) is
the transmission through the gas measurement cell, C is the
gas concentration, IFP(R, n, d + d, ν, θmax) is defined by
equation (1) and L(ν, T ) is the black-body spectral radiance,
which in terms of power is given by [11]
L(ν, T ) = 2hc
2ν3
exp( hcνkT ) − 1
(
W
cm2 sr cm−1
)
(3)
where h is Planck’s constant, c is the light speed in vacuum,
k is Boltzmann’s constant, ν is the frequency in wavenumbers
and T is the absolute source temperature.
Figure 5. (a) Simulated FPI fringe pattern with 0.28 cm + d; here,
G(ν) = T (ν)Fil(ν). (b) Modulated power waveform reaching the
detector assuming that the FPI cavity length is scanned by driving the
PZT with a triangular waveform. (c) Magnitude of the Fourier
transform of the modulated power waveform reaching the detector.
In a previous paper we demonstrated that, for this type of
cross-correlation sensor, the optimum FPI mirror’s reflectivity
must be R ≈ 0.41 in order to produce the largest modulation
depth [12]. The modulation depth is given as the difference
between the maximum and the minimum power reaching the
detector as the FPI cavity length is scanned. Moreover in
that work it was shown that even a reflectivity value within
the range of 0.3  R  0.7 can be acceptable for the
application: here, just a small loss in the depth modulation
will be observed [12]. Therefore in this work we will use
these concepts and we will focus on discussing in detail some
effects that can modify the sensor response when a pyroelectric
detector is used and the PZT is driven with a triangular
waveform to scan the FPI cavity length.
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Figure 6. (a) Simulated overall sensor signal in terms of volts as a
function of time considering an FPI cavity length of
d = 0.28 cm + d; the dashed line shows the triangular waveform
driving the PZT. (b) Fourier transform magnitude of the overall
sensor signal showing its harmonic composition.
4. Overall gas sensor response considering a
pyroelectric detector
The final sensor response in terms of current or volts will
depend on the responsivity of the detector. In pyroelectric
detectors the responsivity depends on the modulation
frequency. It is important to recall that pyroelectric detectors
require that the incident power must be modulated (i.e. with a
chopper or, as in this work, with an FPI). In figure 4 a typical
responsivity curve as a function of the modulation frequency is
shown [13, 14]. The overall sensor response in terms of volts,
assuming that we use a pyroelectric detector in voltage mode,
is given by
φ(R, n, d + d, θmax, C)V
=
∞∑
j=1
φ(R, n, d + d, θmax, C) j fPZT |Rv( j fPZT)|, (4)
where φ(R, n, d + d, θmax, C) j fPZT represents the harmonic
component with frequency j fPZT of the modulated power
waveform reaching the detector and |Rv( j fPZT)| is the
pyroelectric responsivity at frequency j fPZT. Equation (4)
shows that, to correctly evaluate the overall sensor response
(in terms of voltage or current), the harmonic composition
of φ(R, n, d + d, θmax, C) must be determined. Here for
simplicity let us represent the sensor signal in terms of time
rather than in terms of the cavity length scan (d) which
is given in micrometers. Therefore it is possible to rewrite
equation (4) as
φ(R, n, d, t, θmax, C)V =
∞∑
j=1
φ(R, n, d, 2π f t
+ 
 f , θmax, C) j fPZT |Rv( j fPZT)|, (5)
Figure 7. (a) Simulated FPI fringe pattern with
0.28 cm + d + 0.55 μm; here G(ν) = T (ν)Fil(ν). (b) Modulated
power waveform as a function of the FPI cavity length scan
considering that the PZT is driven with a triangular waveform.
(c) Magnitude of the Fourier transform of the modulated power
waveform reaching the detector.
where 
 f represents the corresponding phase shift, introduced
by the pyroelectric detector, for the harmonic with frequency
j fPZT.
5. Effects of driving the PZT with a triangular
waveform in the sensor response
Ideally the spectral FPI fringes match the ro-vibrational
absorption lines of the target molecule as shown in figure 5(a).
For this example we considered an FPI with cavity length
0.28 cm + d and R = 0.3, a gas path length l = 1.4 cm,
θmax = 0.0277 rad and a 1000 ppm CO2 concentration
balanced with nitrogen to 100%. To scan the FPI cavity length
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Figure 8. (a) Simulated overall sensor signal in terms of volts as a
function of time considering a FPI cavity length of
0.28 cm + d + 0.55 μm. (b) Fourier transform magnitude of the
overall sensor signal showing its harmonic composition.
Table 1. Pyroelectric responsivity and phase shift for some
frequencies.
f (Hz) Rv( f ) (V W−1) ς( f ) (rad)
5 1800 1.413
10 900 1.491
15 150 1.517
20 90 1.531
the PZT was driven with a triangular waveform (figure 5(b)).
For this case the simulated power waveform φ(R, n, d +
d, C, θmax) reaching the optical detector is presented in
figure 5(b). Here by evaluating the Fourier transform of
φ(R, n, d + d, C, θmax) we can observe that this has strong
harmonics at 5 and 15 Hz while the 10 Hz harmonic is
very small. Now, to evaluate the overall sensor response it
is necessary to know the pyroelectric detector responsivity
corresponding to these frequencies. In our experiments we
used pyroelectric detector model LTI Q1 manufactured by
DIAS infrared systems. Therefore in our simulations we
assumed the responsivity and phase shift values related to this
detector which are listed in table 1. Hence by multiplying
the RMS amplitude of each harmonic by the corresponding
responsivity we obtain the overall sensor response waveform,
in terms of volts, for this sensor (figure 6(a)). This sensor signal
waveform has a very well-defined sinusoidal shape with the
same frequency as the triangular waveform, fφ = fPZT, where
fPZT denotes the piezoelectric drive frequency (figure 6(a));
here we used fPZT = 5 Hz. The harmonic composition of the
overall sensor response in terms of volts is shown in figure 6(b).
Now let us consider that we start the FPI scan having
slightly different initial cavity length values. Here the
total instantaneous FPI cavity length can be expressed as
d + d + x , where x is a cavity length offset which can
Figure 9. (a) Simulated FPI fringe pattern with
0.28 cm + d + 0.78 μm; here G(ν) = T (ν)Fil(ν). (b) Modulated
power waveform as a function of the FPI cavity length scan
considering that the PZT is driven with a triangular waveform.
(c) Magnitude of the Fourier transform of the modulated power
waveform reaching the detector.
be controlled with the PZT. As examples let us consider two
FPIs with the same cavity lengths but with slightly different
offset values such as 0.28 cm + d + 0.55 μm and 0.28 cm +
d + 0.78 μm. In these two cases the FPI fringes are
slightly shifted over the wavenumber axis and therefore the
FPI fringes do not match the ro-vibrational absorption lines
(figure 7(a)). The modulated power waveform reaching the
detector φ(R, n, d + dC, θmax) for the case when the cavity
length is 0.28 cm+d+0.55 μm is shown in figure 7(b). Here
it is seen that this waveform has a quasi-sinusoidal shape. By
evaluating its Fourier transform we can observe that basically
this waveform has a strong harmonic at 10 Hz while the 5 Hz
harmonic is practically zero (figure 7(c)). In this case the
modulated signal frequency fφ is twice the fPZT. This is
understandable since with the positive slope of the triangular
5
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Figure 10. (a) Simulated overall sensor signal in terms of volts as a
function of time considering an FPI cavity length of
d = 0.28 cm + 0.78 μm. (b) Fourier transform magnitude of the
overall sensor signal showing its harmonic composition.
waveform the FPI mirror is moved forwards by λ/2, forming a
modulated signal with an almost complete sine cycle profile
(figure 7(b)). Moreover, with the negative slope the mirror
is moved backwards to its original position and consequently
another sine cycle is produced (figure 7(b)). Therefore by using
equation (5) we can obtain that, for this case, the overall sensor
response in terms of volts will be a quasi-sinusoidal waveform
with frequency 2 fPZT (figure 8(a)). The harmonic composition
of the sensor signal output for this case is shown in figure 8(b).
For the second case, when 0.28 cm + d + 0.78 μm, the FPI
fringes are also shifted over the wavenumber axis (figure 9(b)).
For this case the modulated power waveform reaching the
optical detector and its harmonic composition are shown in
figures 9(b) and (c), respectively. The simulated overall sensor
signal in terms of volts is presented in figure 10(a). Moreover,
its harmonic composition is shown in figure 10(b) where it can
be appreciated that the sensor signal output, for this case, has
two strong harmonic components at 5 and 10 Hz.
These results are very important especially if a phase
sensitivity detector (PSD or lock-in) is used to retrieve and
amplify the overall sensor signal (figure 1) since usually the
PSD only extracts and amplifies one harmonic component. For
instance, if we set the PSD reference frequency to 10 Hz we
require to exactly set the FPI cavity length to 0.28 cm + d +
0.55 μm in order to obtain a correct measurement (figure 8(b)).
In contrast, if we set the cavity length to 0.28 cm+d+0.0 μm
(figure 5(a)) the PSD output will therefore be practically
zero since the 10 Hz harmonic of the sensor signal output
is practically negligible (figure 6(b)). Thus, for this case an
incorrect measurement will be obtained. To probe this issue we
proceed to take some measurements keeping all the parameters
fixed and varying only the initial FPI cavity length. For
Figure 11. (a) and (b) show the measured output detector signal for the CO2 sensor considering slightly different FPI cavity lengths.
The Fourier transform magnitudes of these waveforms are presented in (c) and (d), respectively.
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instance, in figure 11 two experimental measurements and their
Fourier transforms, showing their harmonic composition, are
presented. Here we can observe strong effects over the sensor
signal output just by varying slightly the offset cavity length x .
In figure 11(a) a weak signal composed of several harmonics
(figure 11(c)) is seen. In contrast, in figure 11(b) a stronger
signal with practically only one harmonic (figure 11(d)) is
shown. These results show good agreement with our simulated
results supporting them. Moreover, these results can be useful
to calibrate the sensor. For instance, we can use two PSDs, one
to retrieve the fPZT = 5 Hz harmonic and the other to retrieve
the 2 fPZT = 10 Hz harmonic. Here the amplitude of the 10 Hz
harmonic will represent the sensor signal (related to the gas
concentration) while the 5 Hz harmonic will be the calibration
reference signal. In this way when the amplitude of the 5 Hz
harmonic increases a feedback signal can be activated to move
the PZT slightly until the amplitude of the 5 Hz harmonic is
minimized.
6. Conclusions
It was demonstrated in detail by simulation and experiment
how an inexact cavity length could lead to a substantial
alteration in output signal magnitude. Moreover it was shown
that, to correctly calibrate the sensor, a fine cavity length
adjustment (x) is needed which can be carried out by changing
the PZT offset. Furthermore it was described how, without
demonstration, a converging beam or an SPRF would affect
the sensor output signal.
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